The benefits of physical activity are well documented. Despite these benefits, over one-quarter of Canadian adolescents are inactive during their leisure-time, 1 and physical activity levels typically decline with age. [2] [3] [4] [5] [6] [7] [8] Few studies describe the pattern of change in physical activity behaviors as a function of age during adolescence. The British Health and Behavior in Teenagers Study followed adolescents annually for 5 years and found marked reductions in physical activity over the course of the study. Specifically, days of physical activity declined steadily by 23% in boys and 46% in girls from ages 11 to 12 to ages 15 to 16 years. 9 A longitudinal cohort study conducted in the American Pacific Northwest assessed 371 subjects annually over 4 years. 2 Latent growth models were used to describe adolescent trajectories in physical activity, which decreased significantly from ages 12 to 17 years. Finally, the Growing Up Today Study in the U.S. modeled physical activity trajectories of 12,812 subjects aged 10 years at baseline and followed annually for 3 years. 3 The trajectories followed a quadratic function across age, with hours of moderate to vigorous activity increasing slightly to age 13 and then declining.
Because it is generally believed that physical activity behaviors in youth are important determinants of physical activity levels in adulthood, 10 increased understanding of changes in physical activity participation in youth has the potential to identify critical time periods at which declines are greatest 11 so that interventions can be targeted to youth at critical or vulnerable ages or life stages. The adolescent years are a time when independence is established, and lifestyle habits developed during this life stage are likely to be carried through into adulthood. 12 This study describes changes in physical activity levels through adolescence (ages 12 to 17 years), with measurements taken at approximately 3-to 4-month intervals over a period of 5 years. The frequent measurements in this study contrast other longitudinal studies with follow-up intervals of 1 year. 2, 3, 9 Assessment of physical activity behaviors using shorter follow-up time intervals (ie, every 3 months) may provide a more accurate description of how physical activity levels change through adolescence. We also present individual growth trajectories, analyzed using multilevel models for change, to provide estimates of both within-and between-person variation in physical activity.
Methods

Data Source
Data were obtained from the Nicotine Dependence in Teens (NDIT) Study, a prospective cohort study (1999) (2000) (2001) (2002) (2003) (2004) (2005) designed to investigate the natural course of early cigarette use and the development of nicotine dependence in novice smokers. 13 The sample was selected using a 2-stage design, first by recruiting schools and second by recruiting participants within participating schools. Thirteen schools, representing a mix of language (French, English), geographic (urban, suburban, and rural), and economic (high and low socioeconomic neighborhoods) profiles, were approached and agreed to participate. However, 2 schools were excluded due to a very low return rate of signed parental consent forms, and one school was excluded because the school administrators could not guarantee cooperation over the entire study.
All grade 7 students in the 10 participating schools were invited to participate in the NDIT Study. Participants provided assent and a parent/guardian provided written informed consent. Over half of eligible students (55.4%) participated in the baseline data collection. This relatively low response rate was related to a labor dispute in Quebec that resulted in some teachers refusing to collect consent forms, and also to the need for blood sampling for genetic analysis. To ensure sufficient sample size over time in the study, the NDIT team accepted new students after the baseline collection cycle. The NDIT cohort included 1293 participants.
The NDIT self-report questionnaire was administered in French or English according to the language of instruction at each school and took approximately 45 minutes to complete. Initial data collection began in the fall of 1999, and follow-up interviews were repeated 4 times each year at approximately 3-to 4-month intervals across the 10-month school year for 5 years.
Ethics approval for the NDIT Study was obtained from the McGill University Faculty of Medicine Institutional Review Board. Before the start of this analysis, ethics approval was obtained from the Ottawa Hospital Research Ethics Board.
Study Sample
For the purposes of this analysis, participants were required to have completed the physical activity measures in at least 4 of 20 possible survey cycles between the ages of 12 and 17 years. Only 6.7% of NDIT participants were excluded because they had fewer than 4 data points.
The final data set included 1206 participants (579 males, 627 females) with data on physical activity for up to 20 survey cycles (for a total of 18,811 data points). Baseline was defined as the first completed questionnaire, so that baseline age was not necessarily the same for each participant.
Measures
Physical Activity. Physical activity data were collected at each survey cycle using a 7-day physical activity recall. From a list of 29 activities, participants were asked to report, for each day in the preceding week, which activities they had participated in for 5 minutes or more 14 at one time. This instrument was adapted from the Weekly Activity Checklist 15 to reflect common activities engaged in by adolescents in Montreal. The original instrument had a 3-day test-retest reliability of r = .74 and correlated with an accelerometer at r = .34. 15 The number of activities reported over the 7-day period was summed for each participant to provide a continuous score indicating the number of physical activities participated in during the previous week. Scores ranged from 0 to 154 physical activities per week (median = 15.0; mean = 19.7; standard deviation = 15.6).
Age. Age was computed based on date of birth and the date of questionnaire completion, yielding a continuous measure of age. To reduce collinearity between age and higher-order polynomials of age (ie, age 2 , age 3 ), age was centered in the regression analyses at the approximate mean age of participants (14.5 years) over follow-up. 16 Season. Canada's highly variable climate can have significant effects on physical activity participation, 12, 17, 18 and therefore the analyses controlled for the season in which questionnaires were completed. Interview months were grouped into seasons according to calendar date: spring (March 20 to June 21), summer (June 22 to September 21), fall (September 22 to December 20), and winter (December 21 to March 19). Fourteen questionnaires completed within 2 days of the start of fall, were allocated to the fall season. Two dummy variables (fall, winter) were included in the models, with spring serving as the reference category.
Statistical Analysis
Data were analyzed using multilevel growth curve modeling, which accommodates the unbalanced (ie, not all participants had the same number of cycles of data) and time-unstructured (ie, not all participants had equal time intervals between data collection cycles) nature of the NDIT data. The multilevel model incorporates 2 independent but linked regression models which are designated as the level-1 and level-2 models. The level-1 submodel describes how each participant in the sample changes over time (within-person), and the level-2 model describes how these changes vary across participants (between-person). 16 At level-1, the goal is to describe the way each participant's physical activity levels change over time. The level-1 component, also referred to as the individual growth model, represents the change each participant is expected to experience during the study period. If the individual growth model changes linearly over time, and there is a random intercept and random linear growth factor, the level-1 growth curve model can be described as
Age -14.5 Age -14.5
where the subscripts i and j identify participants and observation occasions, respectively. The fixed effects (γ) describe the average change trajectories: the individual growth parameter for intercept (γ 00 ) describes the average physical activity level at age 14.5 years; the individual growth parameter for slope (γ 10 ) characterizes the shape of the average trajectory of change over time. The random effects (the ζ) (associated with the corresponding fixed effect) quantify the variation around these (fixed effect) estimates. Significance of the level-1 variance component means that, for an individual, physical activity levels vary over time; also, that there is within-person variation that can still potentially be explained by modifying the trajectory shape through inclusion of higher-order polynomials of time (age) or by adding other time-varying predictors to the model. A sequence of models was examined, beginning with a model that included 2 level-1 predictors: age and season. To examine whether a curvilinear trajectory was more appropriate for the data, age was included with quadratic (age 2 ) and cubic (age 3 ) terms in addition to the linear term in subsequent models. Season was retained in the models as a level-1 time-varying predictor regardless of statistical significance. Age effects (rates of change) and the intercept were included as random effects, allowing the associated regression parameters to vary across participants; season was not allowed to vary randomly. Goodness of fit statistics, including deviance, AIC (Akaike's Information Criterion), 19 and BIC (Bayesian Information Criterion), 20 were used to assess the best fit models for change in physical activity over time.
Since others have shown that physical activity rates differ by sex, 4,5,7,9,11 models were conducted separately for males and females. All analyses were conducted using SAS version 9.1 (SAS Institute, Inc., Cary, NC). Multilevel modeling was carried out using SAS PROC MIXED.
Results
The age and sex distributions of participants are presented in Table 1 . Most participants (97.6% of males and 97.0% of females) were aged 12 or 13 years on entry into the study. The few participants (n = 33) who were older than age 13 years at baseline joined the study in later grades. The distribution of age was similar in males and females (P = .28). Table 1 also presents mean physical activity levels at baseline. Males reported significantly more activities per week at baseline (mean = 20.9) than females (mean = 17.2; Table 1 ). Figure 1 shows age-related trends in physical activity levels by sex. At all ages, males had significantly higher physical activity levels than females. Among males, physical activity remained steady at ages 12 and 13 years, and then decreased to age 17. Among females, activity levels increased slightly to age 13 and subsequently declined to age 17.
Multilevel Growth Models: MALES
The overall physical activity trend across participants was modeled using a nested series of candidate models. The results of the 4 nested models among males are presented in Table 2 . Model A, which includes only season as a control factor, provides a benchmark for comparison of the remaining models. 21 It partitions the total variability of the physical activity values into within-and betweensubjects taking season into account. The within-subject variance represents 43% of the total variance in physical activity levels. The remaining 57% of the total variance in mean physical activity occurs between-subjects. Both the within-and between-subject random effects are statistically significant (P < .001), showing that male adolescents differ from one another in physical activity (between-persons) and that the average male adolescents' physical activity varies over time (within-person), respectively. Model B represents a linear change trajectory, and is preferable to Model A as shown by the goodness of fit statistics (Table 2) . Similarly, including additional curvature to the models, whether quadratic (Model C) or cubic (Model D), proved to significantly improve model fit, suggesting the trajectory of physical activity in males has a cubic pattern with age. Examining the random effects from the cubic model (Model D) suggests that participants displayed heterogeneity in their slope (linear), curvature (quadratic) and rate of change of the curvature (cubic) effects of age on physical activity participation. The overall cubic trajectory model accounted for 30% of the within-person variance in physical activity levels over time and improved the pseudo-R 2 by 4% over the quadratic model. This individual growth trajectory for males, as defined in Model D is shown in Figure 2 . The average number of activities for the previous week (in the spring) for males at age 14.5 years was 23.5. The number of activities decreases by 3.2 activities in the winter but are not significantly different in the spring or fall. The overall trend is that activity levels peak around 13.5 years of age, and then steadily decrease to age 16.5 and start to rise again to age 17.
Multilevel Growth Models: FEMALES
Similar to males, the results of the 4 nested models of the physical activity trend among females are presented in Table 3 . The within-subject variance in Model A which includes physical activity controlling for season represents 41% of the total variance in physical activity levels among females. The remaining 59% of the total variance occurs between-subjects. The significant (P < .001) random effects, both within-and between-subjects, provides evidence that female adolescents differ from one another in physical activity and that the average female adolescents' physical activity varies over time.
The goodness of fit statistics in Table 3 show the linear change trajectory (Model B) is preferable to Model A and that, like the model for males, including additional curvature to the models (Models C and D) significantly improved model fit. The significant random effects from the cubic model (Model D) suggest that female participants displayed heterogeneity in the cubic effects (the rate of change of the curvature) of age on physical activity levels. The overall cubic trajectory model accounted for 30% of the within-person variance in physical activity levels over time and improved the pseudo-R 2 by almost 6% over the quadratic model. Thus, a cubic change trajectory is similarly the most appropriate model for explaining individual differences in females' physical activity levels over time. Figure 3 displays the individual growth trajectory for females. As presented in Figure 3 and from the results in Table 3 , the average number of activities for females at age 14.5 for the previous week (in the spring) was 19.9. These activities decreased by 0.9 activities in the fall and by 2.3 activities in the winter. The overall trend is very similar to males in that activity levels peak around age 13.5 years, decrease to age 16.5 years and increase until age 17. 
Discussion
The objectives of this study were to describe the developmental trajectories of physical activity participation in adolescents from age 12 to 17 years. Our analyses revealed that physical activity levels through adolescence can be described by curvilinear patterns in both males and females, with the overall trajectory pattern best described by a cubic function. Specifically, physical activity levels increased from age 12 to a peak at approximately age 13.5, decreased to age 16.5, and increased again to age 17. This suggests that physical activity behaviors of adolescents are complex, since they fluctuate through adolescence.
The declines in physical activity observed from age 14 to 16 years are consistent with findings from most longitudinal studies of physical activity in this age group. [2] [3] [4] 6, 9 However, other studies have not documented increases in physical activity participation from age 12 to 14. Two studies, in fact, report that declines are most pronounced at these ages. 5, 7 One possible explanation for the increases observed in our study is that secondary schools usually provide a broader range of sports and fitness activities than elementary schools, 22 and NDIT participants were recruited into the study at the beginning of secondary school. Students may have taken advantage of the increased availability of sports and physical activity opportunities as they entered secondary school either to participate in the sports or for the social interaction to establish new friendships and participate in new social circles. Alternatively the threshold for physical activity in our study (5 minutes) was lower than in other studies, allowing reporting of more physical activity.
Increases in physical activity after age 16 similar to those found in our study, have been observed by others. 6 Van Mechelen et al 7 reported a 5% increase in total habitual activity in both males and females from age 16 to age 21, most notably in time spent in "other" activities such as physical activity at work or school, active transportation, household activities, shopping, and leisure time activities other than sports activities. Other studies have reported increases in specific types of activities during the late-adolescent years, such as low-intensity activities. 23, 24 The increase in participation observed in this study may be specific to low-intensity and/or "other" activities (such as indoor/outdoor chores), or due to stable and/or increased participation in only a few specific activities, rather than a general increase in activities overall. Bélanger et al 25 reported that moderate to vigorous activities declined in the NDIT Study from ages 12 to 17 years, as did participation in both individual sports and team sports.
Participation in organized sports at school or in the community, which provide more structured opportunities for adolescents to be physically active, did not protect against the declines in physical activity in the NDIT sample. 26 Better understanding of preferences for certain types of activities may help in developing effective intervention strategies for young males and females.
The finding that physical activity follows a cubic pattern during adolescence was based on the overall sample trajectory (ie, the fixed effects). We also found evidence for substantial within-and between-subject heterogeneity in the trajectories. To examine between-subject differences in physical activity trajectories, future analyses should use other techniques to identify subgroups that display more homogeneous trajectories, and in addition examine factors that explain random variability between individuals.
Within-subject differences in trajectories indicate considerable variation in physical activity behaviors among adolescents. Several factors may contribute to unstable within-subject physical activity patterns during adolescence. According to Freud 27 and Erikson, 28 the adolescent years are marked by transitions and changes. Transitions such as entering and leaving secondary school and entry into the work force, may affect the pattern of physical activity participation 29 due to changing life roles, increased responsibilities, and social demands. 30 These transitions may have had variable effects across individuals, which could result in heterogeneity in physical activity participation.
Within-subject heterogeneity may also be a result of changes in the sources of motivation for physical activity. Shephard 31 reported that during adolescence, cues or role models for an active lifestyle shift from the parent or coach to the peer group. Adolescents with athletic peers may have higher physical activity than those with few athletic peers.
Data collection methods allowed for the assessment of seasonal variation in physical activity levels. Consistent with other studies, 12, 17, 18, 32 activity levels were highest in the spring, lower in fall and lowest in winter, although activity levels in males did not differ significantly between spring and fall. Warmer temperatures and longer daylight hours in spring 32 likely contribute to higher levels of participation in physical activities. Declines in the fall and winter may relate in part to weather and to higher demands of schoolwork during the winter months. A previous study using NDIT data found that with every 10°C increase in mean temperature, the number of moderate to vigorous physical activity sessions per day was 5.8% higher. 17 Conversely, physical activity sessions were 11.2% lower for each 10 cm of snowfall, and 2% to 4% lower for every 10 mm of rainfall. Aaron et al 4 assessed the stability of year-round activities versus seasonal activities in adolescents aged 12 to 15 years, and reported that over 4 years, year-round activities were more stable than seasonal activities. Strategies to promote physical activity may need to examine ways for adolescents to maintain activity levels throughout the year, particularly during the winter season.
Strengths to this study include the long-term, prospective design which allowed assessment of physical activity patterns through adolescence. The time interval between assessments was relatively short, which provided great detail on how physical activity levels change over time. This represents a significant improvement over previous longitudinal studies that are limited by short follow-up periods and long time intervals between assessments. The short intervals between data collection waves also allowed for assessment of the influence of season on physical activity. Data were collected using the same assessment method at each of the 20 survey cycles and the sample size was large, providing a source of rich, comparable data on physical activity over 5 years.
The analytic approach used in this study (ie, the multilevel model for change) permitted modeling changes over time in each participant, and allowed assessment of how these changes varied by sex. 16 We were able to assess the degree to which both within-and betweenperson values differed from population average values in this age group. Only 1 study 2 to date has reported physical activity trajectories in adolescents using such sophisticated analyses.
Limitations include that this was a secondary analysis of an existing database, the primary objective of which was not related to physical activity. The variables available for analysis were limited to those collected in the context of the original objectives. Second, the measure of physical activity used in this study did not assess duration of participation so that the total time spent participating in physical activity cannot be assessed. In addition, selfreport measures are prone to overestimation of physical activity participation, an effect which can be exacerbated if the questionnaire provides a checklist of activities (as in the NDIT Study). 33 Physical activity participation during the months of July and August was not measured. However, seasonality effects could still be evaluated, and the results are consistent with other studies.
Because we did not compare the characteristics of persons retained in the study with those who were excluded (due either to dropping-out or to missing data), selection bias cannot be ruled out. External generalizability may also be limited because participants were recruited in a convenience sample and the baseline response was 55%. Measurement error is possible in selfreports by adolescents, which are subject to recall bias and overestimation of activity participation. 33 Finally, it is possible that repeated questioning of subjects about their participation in physical activity might have produced a testing effect and altered physical activity behavior or reports of physical activity behavior. However, at least 1 study 34 reported that there were no significant testing effects on levels of physical activity in males or females.
Understanding patterns of physical activity during adolescence is important for identifying youth at risk for inactivity as adults, as well as for developing effective interventions aimed at promoting increased levels of activity. Longitudinal studies that collect data repeatedly at short time intervals over long follow-up periods, can accurately describe the pattern of physical activity behaviors, particularly if the data are modeled using sophisticated regression (trajectory) analysis.
Results of this analysis show that, although physical activity declines through adolescence, there are periods in which activity levels may increase. There is limited evidence regarding factors that influence age-related changes in physical activity during adolescence. More longitudinal studies are needed to examine the relationships between health-related behaviors and, in particular, how these behaviors change over time and influence the pattern of physical activity through adolescence. Furthermore, knowledge of the determinants of physical activity can provide the basis to develop more effective interventions, especially if these determinants are amenable to intervention and can be targeted for change. 35 Due to the heterogeneity in trajectories observed in this study, future studies should identify subgroups of adolescents with distinct developmental trajectories. Subject characteristics can then be identified to determine their effect on trajectory membership.
This study has implications for the conceptualization and development of programs to promote physical activity and for future monitoring of physical activity for youth. The adolescent years are a time when independence is established. Lifestyle habits developed during this life stage are likely to be constant for many years. 12 It is essential that declines in physical activity levels during adolescence be prevented, and that factors that promote healthy levels of participation in physical activity are identified. 36 Effective physical activity promotion interventions aimed at adolescents may have the potential to prevent inactivity in adulthood, the onset of chronic diseases in later life, and the economic burden these health problems will eventually have on the health care system.
